Abstract.
Tumor stem cells are a small subset of tumor cells with the ability of self-renewal and differentiation and are regarded as a cause of tumor growth and recurrence. Previously we have shown that stem-like label-retaining cells (LRCs) can be detected in nasopharynx, tongue, esophagus and xenograft tumors formed by nasopharyngeal carcinoma (NPC) cell lines (5-8F, 6-10B and TMNE). The present study aimed to identify ABCG2 + cells in 5-8F NPC cells and compare their tumorigenic potential with ABCG2
-cells, expecting that we can obtain insight into the mechanism of the differential phenotypes of ABCG2 + and ABCG2 -cells. By using magnetic cell sorting (MACS) method, we isolated ABCG2 + cells and ABCG2 -cells from 5-8F cells. Among these two subpopulations and unsorted 5-8F cells, the rate of ABCG2 + cells at G1 phase was highest, while the rate of ABCG2 -cells at S phase was highest, indicating that ABCG2 + cells were mostly quiescent. However, ABCG2 + cells showed lower cloning efficiency and tumorigenicity than ABCG2 -cells. We also used Affymetrix U133 plus 2.0 human whole genome expression chip to identify the gene expression profile of ABCG2 + and ABCG2 -cells and found that both subpopulations expressed some stem cell associated genes, e.g., PSCA, ABCG2 and ALPI were expressed in ABCG2 + cells, and K19, integrin α6, integrin β4, CD44 and K14 were expressed in ABCG2 -cells, suggesting there were stem cells in both ABCG2
Introduction
Stem cells, with the ability to proliferate infinitely through self-renewal and differentiation, can be isolated and cultured from inner cell mass of blastocyst (1), primordial germ cells (2) , bone marrow (3), brain (4), skin (5) , digestive canal (6), respiratory tract (7), cornea (8) , muscle (9) , liver (10), pancreas (11) and lung (12) . Many tumors contain a sub-population of stem cells known as cancer stem cells (CSCs). CSC has unlimited potential for self-renewal and can drive tumorigenesis and develop multidrug resistance (13, 14) . To date, CSCs have been identified in human leukemia (15) and in solid tumors including breast (16) , bladder (17) , colorectal (18) , gastric (19) , hepatocellular (20) and lung carcinomas (21) , malignant melanoma (22) , nasopharyngeal (23) , pancreatic (24) , prostate (25) and renal carcinomas (26) . However, the characterization of CSC remains insufficient and CSC has not been isolated from some tumors. CSC is regarded as the root of cancer, and thus should be more important for cancer therapy than other tumor cells. Therefore, CSC might be a good therapeutic target for cancer treatment. Side population (SP) cells, originally isolated from murine hematopoietic stem cells using their characteristic to efflux Hoechst 33342 dye and FACS method (27) , have been sorted from many normal human tissues such as heart (28) , prostate (29) , limbal epithelium (30), skin (31), mammary gland (32) and kidney (33) , and have also isolated from human cancer cells such as small cell lung cancer (34) , glioma (35) , prostate cancer (36), leukemia (37) , neuroblastoma (38) (49) . In this study, we isolated ABCG2 + and ABCG2 -cells from 5-8F NPC cells by using MACS and then characterized their biological properties and expression profiles. Our results suggest that ABCG2 alone is insufficient to identify CSCs in 5-8F NPC cells.
Materials and methods
Ethics statement. All animal work was performed under the institutional guidelines approved by the Animal Care and Use Committee of Central South University. The present study was also approved ethically by the institutional review board of Central South University.
Double labeling detection for LRC and ABCG2 expression in 5-8F cells.
We used immunofluorescence method to detect LRCs and ABCG2 expression in 5-8F cells. Briefly, 5-8F cells was labeled with BrdU, inoculated into nude mice and traced for 8 weeks. Then, the tissue sections were made from formed tumor blocks, hydrated, treated with 3% H 2 O 2 for 10 min to remove endogenous peroxidase, with 2 N hydrochloric acid for 30 min at 37˚C, with 0.1 M sodium borate for 4 min and then treated with 0.25% trypsin and washed with PBS after each above treatment. The treated tissue sections was added with antibody for BrdU (Sigma, St. Louis, MO) at 4˚C overnight. After washing with PBS, the sections was added with goat anti-mouse IgG-FITC antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and incubated for 30 min at RT. After washing with PBS, the sections were blocked with normal goat serum, added with mouse anti-human ABCG2 antibody (BD Pharmingen, USA), for 30 min at RT, then added with Texas Red conjugated goat anti-mouse IgG (Santa Cruz Biotechology) and incubated for 30 min at RT. After washing with PBS, the sections were observed and photographed with a fluorescence microscope.
Separation of ABCG2
+ cells by MACS. 5-8F NPC cells were harvested, prepared into single cell suspension and counted. Less than 10 8 cells were obtained for cell sorting. The volume of cell suspension was adjusted to 200 µl with 1X PBS containing 0.5% bovine serum albumin (BSA). Mouse antihuman ABCG2 antibody (20 µl) was added to the cell solution, mixed and incubated for 20 min at 4-8˚C. The cells were washed with 1X PBS containing 0.5% BSA three times and the cell volume was adjusted to 200 µl. The goat anti-mouse IgG2a bound with magnetic beads (Miltenyi Biotec, Germany) was added to the cell solution, mixed and incubated for 20 min at 4-8˚C and then washed with 1X PBS containing 0.5% BSA. The cells were harvested and the volume of cell suspension was adjusted to 0.5 ml. The sorting column was fixed on magnetic sorting stand (Miltenyi Biotec) and equilibrated by applying 0.5 ml 1X PBS containing 0.5% BSA. The bound cell suspension (0.5 ml) was applied to the column and the effluent was harvested. 1X PBS (0.5 ml) containing 0.5% BSA was applied to the column two times. The effluent was ABCG2 -cell fraction. Another 1 ml of 1X PBS containing 0.5% BSA was applied to the column, the effluent was repeated for application to new columns and the ABCG2 + cells were subsequently enriched. The final effluent was centrifuged for 5 min at 4˚C, 1,000 rpm to obtain the cells.
Identification of sorting effect. We used immunocytochemistry method to identify the purity of ABCG2 + cells. Briefly, enriched ABCG2
+ were made into cell pellets. The cell pellets were treated with 3% H 2 O 2 for 10 min, with 0.25% trypsin for 15 min and blocked with normal goat serum for 20 min. The cells were added with mouse anti-human ABCG2 antibody and incubated at 4˚C overnight. After washing with PBS, the cells were added with goat anti-mouse IgG-HRP and incubated for 30 min at RT. After washing with PBS, the cells were developed with AEC (Zhongshan Goldenbridge Biotech Co., Ltd., China), counterstained with hematoxylin and mounted with Glycerol vinyl alcohol aqueous mounting solution (GVA, Zymed Laboratories, Inc., USA). The red ABCG2 + cells were observed with an optical microscope and the purity was calculated.
We also used flow cytometry to identify the purity of All the mice were sacrificed 6-16 weeks after injection and examined for tumors. The tumor blocks were dissected and made into tissue sections for inspection. Tumor blocks were dissected and fixed by immersion in 4% paraformaldehyde phosphate buffer. After fixation for 2-4 h, tissues were dehydrated, paraffin-embedded, sectioned at 4 µm and stained with haematoxylin and eosin (HE) for histological examination.
Microarray analysis. Microarray analysis was performed as previously described (51) . GeneChip Human Genome U133 Plus 2.0 was used to analyze the gene expression profile of ABCG2 + cells and ABCG2 -cells. The chip covers 47,400 transcripts and contains 38,500 known human genes. A probe hits only one genomic location; probes that can be mapped to the same target sequence in the correct direction are grouped together in the same probe set; each probe set consists of 10-20 pairs of 25 mer probes; each probe pair consists of two probe cells, one of which is perfect match and another of which is mismatch containing one base mismatch. The gene sequences are selected from GenBank, dbEST and RefSeq.
Total RNA of ABCG2 + cells and ABCG2 -cells was extracted and used to purify polyA + mRNA. The cDNA, double strand DNA and biotin-labled cRNA were synthesized in turn. After fragmented, the labled cRNA was loaded on the gene chip for microarray analysis. Hybridization, elution and staining of the chip were conducted with Affymetrix Hybridization Oven 640 and Affymetrix Fluidics Station 450 according to the manufacturer's instruction. After the chips were scanned, GCOS data processing software was used to calculate and process the obtained data. Before comparison of the results of two chips, the data of each chip were normalized to obtain reporter signal value. For screening the differentially expressed genes between ABCG2 + and ABCG2 -group, signal log ratio ≥1.0 or ≤-1.0 (indicating 2-fold upregulation or downregulation of gene expression level) was set as screening criterion.
Verification of differentially expressed genes by RT-PCR.

ABCG2
+ and ABCG2 -cells were harvested, respectively. Total RNAs were extracted from the harvested cells with TRIzol reagent according to the manufacturer's protocols and subsequently digested with DNase I to remove the residual amount of genomic DNA. RT-PCR was carried out with AMV reverse transcriptase system to detect the expression of selected genes. The PCR conditions were as follows: 3 min at 95˚C; 40 sec at 94˚C, 30 sec at 55-58˚C and 50 sec at 72˚C for appropriate cycles; 10 min at 72˚C for extension. GAPDH was used as internal control. The used PCR primers and cycle number are shown in Table I . RT-PCR product bands were scanned with image analyzer (Pharmacia, USA) and the accumulated optical density value (IA) of each band was analyzed with Imagemaster VDS software.
Geneontology analysis. GOSTAT (http://gostat.wehi.edu.au) was used to analyze and annotate the differentially expressed genes. GO provides three kinds of specifying terminology to describe the characteristics of gene products, including molecular function, biological process and cellular component. -group and rank-test was applied to define the determinant interval. A P-value <0.05 was considered to be statistically significant. Fig. 1 ). Fig. 2A and B ). After labeled with IgG-FITC, ABCG2
Results
Double labeling detection of LRC and ABCG2 expression in
+ and ABCG2 -cells were analyzed by flow cytometry. It was shown that the purity of ABCG2 + cells was 95.93% ( Fig. 2C-E) . These data showed that we had successfully enriched ABCG2 + cells.
Identification of biological characteristics of ABCG2 + cells. ABCG2 + , ABCG2
-and unsorted 5-8F cells were analyzed by flow cytometry, respectively. As seen in Fig. 3A-C (Fig. 3D and E, Table IV) .
To compare the tumorigenicity of ABCG2 + , ABCG2
-and unsorted 5-8F cells, we inoculated these cells into NOD/SCID mice, respectively. When inoculated with 10 2 -10 4 cells, tumor formation could not be observed even after 113 days in either group. When inoculated with 10 5 cells, tumor block could be seen after 12 days in ABCG2 -cell group and 5-8F cell group and after 20 days in ABCG2 + cell group. The weight of tumor blocks was highest in ABCG2 -cell group and lowest in ABCG2 + cell group (Fig. 3F , Table V ). Tumor formation rate was lowest in ABCG2 + cell group (2/3) and was 100% (3/3) in other two groups. Paraffin sections were prepared from these tumor blocks and detected by H&E staining. The morphology of tumor cells from these three groups exhibited no significant difference (Fig. 3G-I ).
Gene expression profile of ABCG2
+ and ABCG2 -cells. Affymetrix oligonucleotide microarray (Human Genome U133 Plus 2.0 Array) was used to monitor gene expression of about Differentially expressed genes were analyzed by Gene Ontology. A group of genes generally involved in negative regulation of cell cycle progression were discovered in ABCG2 + cells, whereas this functional classification could not be found in ABCG2 -cells, which can explain the fact that most ABCG2 + cells were in G0/G1 phase of cell cycle. The stem cell associated genes PSCA, ABCG2 and ALPI were upregulated significantly in ABCG2 + cells, while another set of stem cell related genes including K19, integrin α6, integrin β4, CD44 and K14 were upregulated significantly in ABCG2 -cells. From the chip analysis results, we selected 6 meaningful genes such as ALPI, ABCG2 and WNT5A which were highly expressed in ABCG2 + cells, and BNC1, IGFBP3 and SCEL which were highly expressed in ABCG2 -cells to perform RT-PCR verification. The expression of these genes was consistent with the results of chip analysis (Fig. 4A and B) . -cell group and the y-axis showed the signals of ABCG2 + cell group. Red plots indicated genes whose detection results were P (present) in two groups, blue blots indicated genes whose detection results were P in only one of the two groups and yellow plots represented genes whose detection results were A (absent) in both groups. From top to bottom, the green oblique lines represented expression difference at 30, 10, 4, 2, 1/2, 1/4, 1/10 and 1/30-fold between ABCG2 + and ABCG2 -cells, respectively. The result demonstrated that the expression difference of most genes between ABCG2 + and ABCG2 -cells was 2-to 4-fold and that only a minority of the genes could reach 10-to 30-fold or above.
Cell cycle distribution (%) -------------------------------------------------------------------------
Discussion
Previously we have shown that LRCs exist in nasopharynx, tongue, esophagus and xenograft NPC tissues (49) . One of the characteristics of adult stem cells is that they can be labeled for a long time and therefore are known as LRCs (52) . Label retaining experiment is an effective method to label and detect stem cells in tissue of living organism (53) . BrdU and 3H-thymine deoxyribose (3H-TdR) are commonly used labeling markers. The mechanism underlying the label retaining of a marker in stem cells is unclear. One explanation is that stem cells exhibit slow cell cycle progression, therefore the marker can remain in DNA of LRCs after tracing for a long time, while the marker in other cells will be gradually diluted with rapid cell division. Cairns (54) raised another explanation for LRC. Because of the asymmetry of stem cell division, labeled DNA is always allocated to daughter stem cells and the newly synthesized DNA is always allocated to daughter differentiated cells. We consider that the above explanations can partly explain the mechanism of the label retaining characteristic of stem cells. In this study, we first labeled the cells in NPC tissue formed by inoculation of 5-8F cells into nude mice. Although scarce, the existence of LRCs indicated that there were cancer stem cells in NPC tissue. To further identify these LRCs, we detected the expression of ABCG2 in the same NPC tissue. ABCG2, a member of ABC transporter superfamily, is a transmembrane (57) . They found that side population isolated from prostate cancer, breast cancer and glioma was enriched in tumorigenic, stem-like cancer cells, whereas ABCG2 + and ABCG2 -cancer cells were similarly tumorigenic. To explore the molecular mechanism underlying the biological characteristics of ABCG2 + cells, Affymetrix oligonucleotide microarray was used to monitor expression of about 47,400 transcripts containing 38,500 known genes in ABCG2 + and ABCG2 -cells. There were 353 genes and ESTs upregulated significantly and 590 genes downregulated significantly in ABCG2 + cells. As analyzed by Gene Ontology, a group of genes generally involving in negative regulation of cell cycle were discovered in ABCG2 + but not in ABCG2 -cells. The stem cell associated genes PSCA, ABCG2 and ALPI were upregulated significantly in ABCG2 + cells, while K19, integrin α6, integrin β4, CD44 and K14 were upregulated significantly in ABCG2 -cells. Together with the fact that the rate of LRC in ABCG2 + cells is only 12%, we suppose the most likely possibility is that ABCG2 alone is insufficient to mark CSCs in 5-8F cells. Further study waits to be conducted to isolate and identify CSCs from NPC cells and NPC tissue. 
